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Abstract
The feasibility of using modified nanochitosan particles as an environmentally
friendly wood preservative agent was investigated in this research. Chitosan nanoparticles
were prepared from commercially available low molecular weight (LMW) chitosan and its
derivative, trimethyl chitosan (TMC).
The specific amount of sodium nitrite added to LMW chitosan through depolymerization
process indicated the desired chitosan oligomers. Thin layer chromatography (TLC) was
done to confirm the formation of chitosan oligomers with degree of polymerization four.
Preparation of TMC was done through a quaternization process and Fourier-transform
infrared spectroscopy (FTIR) graphs proved the formation of TMC. Sodium tri-poly
phosphate (TPP) as a commercial fire retardant was added to these nanoparticles (chitosan
oligomers and TMC) to form nanochitosan-TPP particles based on the ionic gelation method.
The viscosity of chitosan nanoparticles which were made by chitosan oligomers and TMC
were measured by rheometer. The results showed very low viscosity in comparison to LMW
chitosan.

The final concentration of chitosan oligomers, TMC and TPP in the nanochitosanTPP solution to treat wood were 12, 12 and 4.8% respectively. Then, these particles were
used to treat southern yellow pine wood through vacuum impregnation process. Mass and
volume of samples increased after treatment which means the nanochitosan-TPP particles
penetrated into cell walls. To study the leaching of treated samples, they were soaked to
water according to the E11 standard test (AWPA, 2016) and to investigate the fungi
resistance of treated samples, they were exposed to brown rot fungus (Gloeophyllum
trabeum) and white rot fungus (Trametes versicolor) according to the E10 standard test
(AWPA, 2016). Mass loss of the samples was compared to untreated wood controls. The
results of leaching and fungi indicated that non quaternized nanochitosan-TPP particles were
more effective than quaternized nanochitosan-TPP particles. Measuring the fire resistance
and water vapor sorption isotherm of treated samples revealed that there were not any
differences among treated and control samples.
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CHAPTER I
INTRODUCTION
Wood as an engineering material has many applications. As a renewable material, the
importance of wood in green building industry is undeniable. One of the most important
drawbacks of using wood is its susceptibility to biodegradation. For decades, wood scientists
have been developing technologies and improving properties of wood to enhance its use. Wood
preservation and wood modification are solutions to increasing wood durability. However,
markets for chemically modified wood and heat-treated modified wood are growing. There is an
ongoing need to improve wood preservation technology. Currently, the use of widely accepted
preservatives plays a vital role in wood industry. Due to the environmental concerns and the
constraints on the use of certain preservatives that are potentially dangerous for humans and
environment, such as CCA and copper organic mixtures, new trends in wood preservation are
exploring more environmentally acceptable chemicals (Treu et al. 2009). Therefore, developing
and using antifungal chemicals that are safe for human and environment and reduce hazardous
wastes, are vital needs.
Recently, chitosan has attracted great attention because of its non-toxic nature,
antimicrobial activity, biodegradable and biocompatible abilities (Xu et al. 2010). Chitosan is a
polysaccharide. It has a chemical structure similar to cellulose and it is the second most widely
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available natural polymer (Kumar 2000). Due to the presence of an amino group in chitosan
structure which has antimicrobial action, chitosan is known as an antimicrobial polysaccharide
(Seong et al. 1999). Chitosan is derived from chitin, which is a biopolymer and polysaccharide
component of crustacean shells such as shrimps, crabs and lobsters. These shells are byproducts
of the seafood industry. Chitosan is generally water soluble under acidic conditions while chitin
is completely insoluble in water (Eikenes et al. 2005). Various scientists have verified the
antifungal activity of chitosan against wood decaying fungi and forest pathogens (Chittenden et
al. 2003; Eikenes et al. 2005; Alfredsen et al. 2004).
Chitosan, as a natural polymer, has varying average molecular weights (Larnoy et al.
2006a). Different molecular weights of chitosan have been studied for wood treatment. It should
also be considered that at both high and low molecular weights, chitosan has high viscosity in
aqueous solution which may restrict its application. According to the Larnoy et al. (2006b), for
better fixation of chitosan into wood cell walls, lower concentrations (and their associated lower
viscosities) of chitosan are better as these enhance penetration. To have suitable antifungal
activity, higher concentrations (>5%) of chitosan are needed. Therefore, the ability of chitosan to
form strong bonds with wood but still have available amino groups for antimicrobial activity is
important. Chitosan can be easily refined toward the nano scale. It can be modified through
chemical process to form nanosized particles.
The nanosized chitosan is especially interesting for wood protection due to the small
particle sizes. On the other hand, nanosized chitosan can be used in high concentration to be
effective for antimicrobial and antifungal activities. As a biocide, nano-chitosan has potential to
use as wood protection agent due to three major reasons: its size can be tailored to penetrate
wood cell wall micropores, it contains hydroxyl and amine groups that can be modified to bind
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to wood and provide a long-term protection, and it is relatively inexpensive and easy to prepare.
The main objective of this project is to evaluate the efficacy of nano-chitosan both as
environmentally friendly wood preservative and as biological, fire resistance agent for wood
protection in indoor and outdoor applications.
This study has three specific chapters which includes:
1. Examination of the retention and binding of nano-chitosan particles to wood through bulking
and leaching tests.
2. Examination of the resistance of nano-chitosan treated wood to basidiomycetes, brown rot
and white rot fungi.
3. Investigation of the effect of Tri-Poly Phosphate (TPP) as fire-retardant crosslinked with
nano-chitosan oligomers on southern yellow pine.
These chapters are written in the style of Wood and Fiber Science to which they will be
submitted.
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CHAPTER II
NANO-CHITOSAN PARTICLES AS A WOOD PRESERVATIVE
2.1

Abstract
The efficacy of nano-chitosan as an environmentally friendly wood protection agent was

evaluated in this study. Commercially available low molecular weight chitosan was
depolymerized, and thin layer chromatography was performed to estimate the size of oligomers
by comparison to standards. Then the oligomers were modified to form N, N, Ntrimethylchitosan oligomers (quaternized oligomers) and were mixed with tripolyphosphate to
create chitosan-TPP nanoparticles. These nanoparticles were tested as a wood preservative.
Wood samples were treated with nanochitosan solutions under vacuum and the retention,
bulking, and interaction of nanoparticles with wood were evaluated through mass and volume
gain after treatment. The mass loss of the treated samples was calculated after soaking the treated
samples in water for two weeks. The results showed that the mass and volume increased in wood
samples treated with both non-quaternized and quaternized-nanochitosan-TPP particles, but the
leaching (mass loss) of wood samples treated with quaternized-nanochitosan-TPP particles was
more.
Keywords: Nanochitosan particles, southern yellow pine and wood preservatives.
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2.2

Introduction
Wood is a natural and renewable material that has been used since ancient times. For

decades, scientists have been developing technologies to improve properties of wood that
otherwise restrict its applications. Wood preservation is one of the best solutions to increase
durability. Currently, the use of widely accepted preservatives plays a vital role in the wood
industry due to the environmental and human concerns. Chitosan, a carbohydrate with
antimicrobial properties, is known as bioactive and biodegradable chemical. Chitosan is derived
from chitin through a deacetylation process by strong alkali (Fig 2.1). Chitin is a by-product of
the processing of crustaceans such as shrimp and crabs (Allan 1979; Larnøy et al. 2006b; Reddy
1998).

Figure 2.1

Structure of chitin (top) and chitosan (bottom) (Castro and Paulin 2012;
Karunaratne 2012)

Chitosan acts both as a fungicide and an insecticide (Larnøy et al. 2006 a, b). Chitosan
has shown different behavior between low and high molecular weights. High molecular weight
(HMW) chitosan (MW: 850 kDa) remained in larger amounts in wood when compared to low
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molecular weight (LMW) chitosan (MW: 40-190 kDa). This result indicates that low MW
molecules diffuse out from the cell walls more easily unless there is a strong bond between
chitosan and wood cell walls (Eikenes et al. 2005; Larnøy et al. 2006b). In order to improve
wood-chitosan interaction, chitosan-impregnated samples were heated to 80 °C, and a rapid
fixation after 4 h was achieved (Larnøy et al. 2006b). Though fixation of chitosan to wood at
high temperature was improved and samples showed lower water absorption, which is an
additional issue with chitosan treatment, the samples cracked and decreased fire-retardant
efficacy of chitosan-treated wood (Larnøy et al. 2006a). Although the bond between chitosan
and wood upon heat treatment was not examined, it was postulated that fixation of chitosan to
wood was obtained through hydrogen bond between hydroxyl and amine groups of chitosan and
hydroxyl groups of cellulose, or acid-base interaction with phenolic lignin groups (Larnøy et al.
2006a). Because of the high reactivity of amine and hydroxyl groups, chitosan can be easily
modified. One of this modification processes is called quaternization which is a positively
charged atom of nitrogen in the middle with four substituents of methyl group around it.
Quaternary compound in wood preservative makes it to leach less and have better bonding in
wood cell walls.
In this study, the extent of retention, bulking, and leaching of modified chitosan
nanoparticles through a quaternization process and modified ionic cross-linked chitosan
nanoparticles was examined by calculating mass and volume gain after treatment and mass loss
after leaching.

6

2.3
2.3.1
2.3.1.1

Methodology
Preparation of chitosan oligomers
Depolymerization of chitosan
Commercially available low molecular weight chitosan (MW: 50-190 kDa) with degree

of deacetylation more than 75% was purchased from Sigma-Aldrich Co. (St. Louis, Mo.).
Chitosan was depolymerized by nitrous acid into oligomers with degree of polymerization (DP
=4) according to the method by Hussain et al. (2012). In this method, 40 g of chitosan was
stirred vigorously in 0.1 mol/l aqueous HCL (800 mL) and warmed to 50 °C for 1 h. Then, 16.56
g of NaNO2 was dissolved in 32 mL of water to obtain DP=4 from the 40 g chitosan. This was
added drop-wise to the chitosan solution and stirred for 30 min until the viscosity of the mixture
decreased. The reaction mixture was stirred at 50 °C for 5 h. Then, the solution was neutralized
(pH 7-7.5) with 1 M NaOH. The solution was filtered through a Teflon filter paper and the
filtrate was participated by methanol 1/1 (v/v). The supernatant of methanol was then
precipitated with acetone 1/1 (v/v). The precipitate of acetone was oligomers with DP=4 using
the procedure below (Fig 2.2).
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Figure 2.2

2.3.1.2

Depolymerization of chitosan by sodium nitrite (Seong et al., 1999)

Analysis of chitosan oligosaccharide by thin layer chromatography (TLC)
Chitosan oligomers were qualitatively analyzed by thin layer chromatography (TLC),

using a silica gel plate (Merck 60. GF-254) and compared to the standard chitotetraose (tetramer,
DP=4). The standard chitotetraose, 4 HCl was purchased from Carbosynth. Co. Both chitosan
oligomers and standard were dissolved in %50 methanol and spot on TLC plate with 3 different
volumes (1, 2, and 3 μL). The plate was put into the solvent system of n-propanol-30% ammonia
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water (2:1 v/v), after which 24 h spots on the plate were visualized by spraying 0.1 % ninhydrin
into n-butanol-saturated water and baked into oven at 110 °C for 10 min according to the method
by Choi et al. (2004).
2.3.2
2.3.2.1

Preparation of N, N, N-trimethylchitosan and nanochitosan-TPP particles
Quaternization of chitosan
Chitosan oligomers from the depolymerization process were dissolved in 1% w/w

aqueous acetic acid solution according to Bordenave (2008). Upon addition of formaldehyde (3
mol formaldehyde per mol of chitosan free amine groups), the solution was stirred for 30 min at
500 rpm at room temperature before adding NaBH4 (1.5 mol of NaBH4 per mol of
formaldehyde) and stirring again for 1 h. The pH was adjusted to 10 using 1 M NaOH. The
unreacted products were removed by dialysis tubes (Biotech CE Dialysis Tubing, 0.1-0.5 KDa
MWCO) in water and then with ethanol/diethyl ether (80/20 v/v) for 48 h. Formed N-methyl
chitosan was dispersed in N-methyl-2-pyrrolidinone with Na2SO4 (0.1mol/L) at 60 °C and stirred
at 1200 rpm for 1 h. Then, 15% w/w aqueous solution of NaOH containing (CH3O)2SO2 (1.5 mol
of dimethyl sulfate per mol of free amine groups of the extracted and dried N-methylchitosan)
was added. The mixture was stirred for 6 h at 500 rpm at 60 °C. Finally, formed N, N, Ntrimethylchitosan was precipitated using acetone, then washed with acetone and dried under
vacuum at room temperature above P2O5 for two days (Fig 2.3).
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Figure 2.3

2.3.2.2

Quaternization mechanism of chitosan oligomers (Belalia et al., 2008)

Preparation of nanochitosan-TPP particles
Non-quaternized and quaternized chitosan oligomers were used for preparation of

nanochitosan-TPP particles (Huang et al., 2009). Sodium tripolyphosphate (TPP) with 85%
purity was purchased from Acros Organics (Fisher Scientific, Waltham, MA). Chitosan
oligomers were dissolved in 2% acetic acid and stirred for 30 min. Then, TPP was dissolved in
double-distilled water and added drop-wise to chitosan solution to obtain the ratio of 2:5 (TPP:
chitosan, 4.8:12 (%), as this mass ratio found to yield the highest number of nanoparticles
(Huang et al., 2009). Upon 2h stirring with a magnet stirrer at room temperature to get the
opalescent solution, the solution was aliquoted into centrifuge bottles and centrifuged at high
speed (4000 rpm) for 10 min. The precipitated nanoparticles were rinsed with distilled water and
air-dried to increase concentration.
10

2.3.2.3

Analysis of quaternized chitosan (N, N, and N-trimethylchitosan) and nanochitosan-TPP particles
The quaternization (TMC) and nano-chitosan-TPP particles were characterized by

Fourier-transform infrared spectroscopy (FTIR) performed in the range of 450-4000 cm-1 using
the attenuated total reflectance spectroscopy method (ATR-FTIR). The samples were placed on
the ATR crystal prism and 16 scans were obtained at 2 cm-1 resolution.
2.3.3

Wood sample preparation and treatment with chitosan-TPP nanoparticles
In this study, defect-free southern yellow pine (Pinus spp.) sapwood was cut to

dimensions of 1.4-×1.4-×1.4-cm (l×r×t) from two adjacent wood sticks. Samples were dried at
oven at 50 °C and their initial volume and mass were measured. Wood samples were treated with
nano-chitosan particle-solution through 17 different treatments combinations with 35 replicates
under vacuum (>30 mmHg) (Table 2.1). In all the treatments, the concentration of chitosan was
12% and the concentration of TPP was 4.8%. Then, samples were dried in oven after treatment
and their volume and mass were measured.
2.3.3.1

Determination of retention and bulking
Determination of retention was performed by mass gain and volume gain of wood

samples after treatments using following equations (2.1) and (2.2).
Mass gain=

m2-m1
m1

∙100(%)

(2.1)

Where m2 is; dry mass after treatment and m1 is dry mass before treatment.
Volume gain=

V2-V1
V1

∙100(%)

Where V2 is; dry volume after treatment and V1 is dry volume before treatment.
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(2.2)

2.3.3.2

Resistance to leaching
To evaluate the efficacy of nanochitosan for long-term protection, the resistance of

leaching of the nanochitosan-TPP particles from wood was evaluated according to the E11
standard test (AWPA, 2016a). The samples were submerged into the deionized water for total of
two weeks and water was changed at predetermined time intervals. The results of leaching were
calculated as a percentage of mass loss according to the following equation.

Mass loss =

m1-m2
m1

∙100(%)

(2.3)

Where m1 is; dry mass before leaching and m2 is dry mass after leaching.
2.3.4

Statistical analysis
The data obtained from the retention and leaching tests were statistically analyzed based

on a completely randomized design. Main effect of treatments was analyzed by one-way
ANOVA, using SAS software (citation needed) with the significance level set at p≤0.05.
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Table 2.1

Wood treatments
Negative
Main treatments

Positive control
control

1-nano-chitosan with TPP1 in 1%
acetic acid
3-nano-chitosan with TPP in 0.1 m
acetic acid+0.2 m NaCl
10-quaternized-nano-chitosan with
TPP in 1% acetic acid
12- quaternized-nano-chitosan with
TPP in 0.1 m acetic acid+0.2 m
NaCl
5- nano-chitosan with TPP in 1%
acetic acid +laccase2 (1 mg/ml)
+HQ3 (10mm) before4
7- nano-chitosan with TPP in 1%
acetic acid + laccase (1 mg/ml)
+HQ (10mm) simultaneously5

Enzymatic

Wood Modification

Chemical

2- nano-chitosan without TPP in 1%
acetic acid
4- nano-chitosan without TPP in
acetic acid 0.1 m +0.2 m NaCl
11- quaternized-nano-chitosan
without TPP in 1% acetic acid
13- quaternized-nano-chitosan
without TPP in 0.1 m acetic
acid+0.2 m NaCl
6- nano-chitosan without TPP in 1%
acetic acid +laccase (1 mg/ml) + HQ
(10mm) before
8- nano-chitosan without TPP in 1%
acetic acid + laccase (1 mg/ml) +HQ
(10mm) simultaneously
15- quaternized-nano-chitosan
14- quaternized-nano-chitosan with
without TPP in 1% acetic acid
TPP in 1% acetic acid +laccase (1
+laccase (1 mg/ml) +HQ (10mm)
mg/ml) +HQ (10mm) before
before
16- quaternized-nano-chitosan with 17- quaternized-nano-chitosan
TPP in 1% acetic acid +
without TPP in 1% acetic acid +
laccase(1mg/ml) +HQ (10mm)
laccase (1 mg/ml) + HQ (10mm)
simultaneously
simultaneously
1
TPP: Tri poly phosphate, a commercial fire retardant
2
Laccase: copper-containing oxidase enzymes found in many plants, fungi, and
microorganisms
3
HQ: Hydro quinone, mediator of laccase modification. A mediator is used to oxidize,
and subsequently increase reactivity of wood and promote binding of chitosan to wood
4
Before Preservative treatment: first, treat wood with Laccase and Hydro quinone.
Then, treat wood with nanochitosan particles.
5
Simultaneously: Treat wood with Laccase + Hydro quinone and nanochitosan particles
at the same time.
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9-1%
acetic acid

2.4

Results and Discussion

2.4.1

Characterization of chitosan oligomers
Chitosan oligomers were analyzed by silica TLC plate after depolymerization (Fig 2.4).

Spraying of ninhydrin was used to detect amine groups in chitosan oligomers on TLC plate.
Ninhydrin reacted with free amine groups and a deep purple color was produced (Fig 2.4).
Quantitative determination of free amino groups in chitosan by ninhydrin was used by Curotto

Degree of polymerization

and Aros (1993).

4
5
6
1
2
3
Chitosan oligomers depolymerized
by nitrous acid

1
2
3
Standard (Chitotetraose DP:4)

Spot on TLC plate (μL)

Figure 2.4

Thin layer chromatography analysis of chitosan oligomers and chitotetraose.

Fig 2.4 shows that chitosan oligomers comprise a range of DPn (degree of
polymerizations) which starts from four when it compares with standard chitotetraose (DPn: 4).
Chitotetraose has a standard with degree of polymerization of four with four amine groups (the
14

right part of the TLC plate in Fig 2.4). Using applicable amount of sodium nitrite can determine
the desired degree of polymerization. TLC analysis revealed that the chitosan with a degree of
polymerization of four made through the depolymerization process of LMW chitosan. Cabrera
and Cutsem (2005) prepared chitosan oligomers with a degree of polymerization more than six
using acid and enzymatic process. They used TLC plating to separate methanol soluble
chitooligomers. They reported that chitooligomers with degree of polymerization more than six
cannot be separated with this method and the TLC plate shows chitooligosaccharide with degree
of polymerizations less than six.
2.4.2

Characterization of quaternized chitosan oligomers
The quaternization process was performed after depolymerization and N, N, N-trimethyl

chitosan (TMC) was obtained from chitosan oligomers. TMC is a cationic polyelectrolyte, nontoxic, biocompatible polymer. It is water soluble which makes it useful and suitable for a
nanoparticle process (Xu et al. 2003).
The FTIR of quaternized nano-chitosan oligomers (TMCs) is shown in Fig 2.5. In this
figure, the spectra of quaternized nano-chitosan oligomers was compared to the spectra of nonquaternized nano-chitosan oligomers. There were many differences between these two spectra,
which means that the derivative from chitosan oligomers had many changes in its structure.
The spectra of quaternized (trimethylated) HMW chitosan obtained by Bordenave et al.
(2008) showed the methylation of some hydroxyl and some amino groups. In Fig 2.5, the peak at
1492 cm−1 is asymmetrical to a stretch of C-H in methyl groups which is produced in quaternized
nano-chitosan oligomers. This peak was new and confirmed that the quaternized nano-chitosan
oligomers have methyl groups in theirs structures. Xu et al. (2010) used methyl iodide for
methylation of low molecular weight of chitosan. After doing FTIR, they found asymmetrical
15

stretching of C-H bond in the methyl group at peak 1490 cm−1 in TMC. They reported that this
peak was because of the highly methylated quaternary of chitosan.
In the research by Britto et al. (2012) and Mansur et al. (2013), this peak was found in at
1475 cm−1 in derivative chitosan (TMC) from HMW chitosan. Britto et al. (2012) also realized
that the peak near 1590 cm−1 was reduced in a derivative of chitosan which was caused by
deformation of N-H in amino groups. This peak was reduced in quaternized nano-chitosan
oligomers peak (Fig 2.5).

Absorbance

Wavenumber (cm-1)

Figure 2.5

The FTIR of quaternized nano-chitosan oligomers (top) and non-quaternized nanochitosan oligomers (bottom).
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2.4.3

Characterization of nano-chitosan-TPP particles
Based on the ionic gelation of chitosan with tripolyphosphate anions, nano-chitosan-TPP

particles were prepared (Fig 2.6). The formation of non-quaternized chitosan oligomers with TPP
is easier than trimethylchitosan oligomers (quaternized chitosan oligomers) with TPP. In nonquaternized chitosan oligomers-TPP solution, TPP contains P3O10- ions which neutralized amine
ions (NH3+) in chitosan oligomers (Bhumkar and Pokharkar, 2006) while in TMC the process is
more complex. There are several amine sites such as: trimethylated quaternary (N(CH3)3+),
dimethylated (N(CH3)2 H+), monomethylated (N(CH3) H2+) and (NH3+) sites.

Figure 2.6

Ionic gelation of chitosan with tripolyphosphate (Ibrahim et al. 2017)

The FTIR of quaternized nano-chitosan-TPP and quaternized nano-chitosan particles is
shown in Fig 2.7. The non-quaternized nanoparticles and non-quaternized-TPP nanoparticles
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(Fig 2.7) did not show any major differences in FTIR spectra which is discussed in Chapter IV of
this study. However, there were many differences in the two spectra from quaternized nanochitosan and quaternized nano-chitosan -TPP particles (Fig 2.7). The reason could be that
chitosan LMW had modified through both depolymerization and quaternization processes, then
TPP was added to quaternized oligomers. Chitosan oligomers are changed significantly in the
quaternization process. In nanoparticles (spectra in top), the peak for N-H bending vibration of
amine І at 1570 cm–1 shifted to 1550 cm–1. Also, there is a peak at 1155 cm–1 which is an
antisymmetric stretch (PO2). This finding indicates that there is ionic crosslinking between
nanochitosan and tripolyphosphate (linkage between the phosphoric and ammonium ions). The
1155 cm–1 peak showed P=O linkage between ammonium ions and phosphate group in nanochitosan-TPP particles (Jafary et al. 2016; Zhang. et al. 2012). Lascha. et al (2002) found this
peak at peak 1237 cm–1, an O–P=O antisymmetric stretch (PO2). Dounighi (2012) reported that
the peak at 1170 cm-1 in nanochitosan-TPP particles spectra showed the presence of the P=O
bond.
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Absorbance

Wavenumber (cm-1)

Figure 2.7

2.4.4
2.4.4.1

The FTIR of quaternized nano-chitosan-TPP particles (top) and quaternized nanochitosan (bottom).

Determination of retention, bulking, and leaching
Mass and volume gain
Mass gain can be expressed as weight percent gain (WPG) which is the increase in mass

of wood specimen after treatment with preservatives. In fact, WPG is used to measure the
efficacy of impregnation of preservatives in wood after treatment. Volume gain refers to bulking.
According to the Rowell (2012), cell wall bulking means that the wood is filled with the
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chemical when it reaches its green volume. Both mass and volume gain after treatment indicate
the success in treatment. In this research after treating samples with nano-chitosan particles, the
dry mass and volume gain were calculated. Both mass and volume increased after treatment
which means that the treatments of wood samples with nanochitosan particles were successful.
Lower mass and volume gain were calculated for treatments 1 through 9 (non-quaternized
nanochitosan-treated) as compared to treatments 10 through 14 16, and 17 (quaternized
nanochitosan-treated) (Table 2.2). This result indicates that quaternized nanochitosan-treated
samples had more mass and volume gain after treatment in comparison with non-quaternized
nanochitosan-treated samples. Therefore, the dimensions of quaternized nanochitosan particles
seem to be small enough to spread throughout wood elements and penetrate through the pits and
pores. Nowrouzi et al. (2015) used chitosan HMW (MW: 100-300 kDa) to treat fir wood (Abies
sp.) via impregnation and then heated the wood samples at three different temperatures (60, 80
and 100 °C). They reported that the chitosan could only increase the bulking to a small degree
(less than 4%) and different temperatures didn’t influence the penetration of chitosan into wood
samples.
In this research both quaternized nanochitosan-treated and non-quaternized nanochitosantreated samples underwent changes in the volume and mass more than 4% (range from 4.9% to
18%). To better understand the distribution of impregnated chitosan in wood, Singh et al. (2010)
investigated the chitosan impregnated radiata pine (Pinus radiata) by light and scanning electron
microscopy. They used LMW chitosan (MW: 50-190 kDa) at 1/5% concentration to treat wood
samples. They reported that chitosan could penetrate the cell lumens and small cavities. They
also revealed that there was evidence that showed chitosan could penetrate the cell walls.
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Table 2.2
Treatment
2

1

Mass and volume gains of samples after treatment, Mass and volume loss of
samples after leaching1
Mass loss (%)
(leached)
Non-Quaternized Nanochitosan-Treated
D
8.09 C
5.73
EFG
D
8.38 BC
1.37
GH
DC
8.62 BC
7.52
E
D
6.64 C
2.17
FGH
D
11.94 ABC
5.76
EFG
D
6.35 C
1.07
H
DC
8.75 BC
6.51
EFG
D
4.96 C
1.52
GH
D
5.74 C
0.3
H
Quaternized Nanochitosan-Treated
A
19.54 ABC
22.8 A

Mass gain (%)

Volume gain (%)

1
2
3
4
5
6
7
8
9

6.60
2.12
9.19
3.48
7.43
1.77
8.12
3.10
1.28

10

29.90

11

24.90 AB

16.95 ABC

19.99 ABCD

12
13
14
15
16
17
P-value

20.64 AB
24.73 AB
30.54 A
17.86 BC
28.15 A
21.72 AB
<.0001

12.26 ABC
17.57 ABC
16.93 A
15.89 AB
17.3 A
18.08 A
0.0001

16.56 CD
20.16 ABC
22.78 A
15.41 D
21.88 AB
17.33 BCD
<.0001

Volume loss (%)
(leached)
0.04
0.77
0.82
1.17
1.87
0.02
0.43
1.8
0.78

D
D
D
D
D
D
D
D
D

14.65 A
11.8 AB
7.12 C
10.46 BC
11.15 BC
11.4 AB
11.14 BC
10.47 BC
<0.001

Means not followed by a common letter are significantly different at α=0.05
Treatments are the same as Table 2.1.

2

2.4.4.2

Mass loss
The resistance to leaching of treated samples was obtained through mass loss. Lower

mass losses were calculated for treatments 1 to 9 (non-quaternized nanochitosan-treated) as
compared to treatments 10 to 17 (quaternized nanochitosan-treated) (Table 2.2). These results
indicate that quaternized nanochitosan particles penetrated the wood but could not fix into cell
walls. In contrast, non-quaternized nanochitosan particles remain in the wood cell walls.
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Therefore, although quaternized nanochitosan particles were positively charged, they couldn’t fix
to the cell walls and leached out. Formation of a strong covalent bond between chitosan and
wood has not been examined. However, covalent bonds have been confirmed between laccaseoxidized phenols in flax fibers and chitosan (Silva et al. 2011), as well as between laccaseoxidized phenolic acids and amino groups of chitosan (Aljawish et al. 2012).
There is little information however about the fixation of chitosan in wood and the factors
of potential influence. Fixation of chitosan by acetic anhydride has investigated by Mehrtens
(1999). He reported that the acetylated chitosan had lower mass loss after leaching, but he didn’t
mention a reason for the fixation. Potentially, the fixation was because of the acetylation of
wood. The pH to 8.2 could be another reason for fixation of chitosan into wood (Frederiksen,
2001). Treu et al. (2009) used copper in combination of chitosan to make a better fixation of
chitosan into wood. Post treatment at temperature of 85 °C was used after impregnation. They
reported that post treatment of chitosan treated wood samples reduced the leaching of
glucosamine which is the main component of chitosan. Nowrouzi et al. (2015) investigated the
using PEG (polyethylene glycol) along with chitosan to treat fir wood for better fixation of the
chitosan on wood cell walls. They concluded that better reaction would occur if they applied
PEG and heat during the treatment process. The results of bulking along with chitosan were 4, 5,
and 7 % at three temperatures 60, 80, and 100 °C respectively.
2.5

Conclusions
In this study, LMW chitosan was modified through depolymerization and quaternization.

Then quaternized and non-quaternized nano-chitosan particles were mixed with tri-poly
phosphate (TPP) and were characterized. Thin layer chromatography of oligomers after
depolymerization showed good results toward obtaining degree of polymerization four with
22

applicable amount of sodium nitrite. The spectra of FTIR spectroscopy confirmed the
methylation of chitosan oligomers through quaternization process. The result of bulking and
leaching indicated that chitosan nanoparticles satiability and effectiveness were effective in the
short term. For long term protection of wood against wood deterioration microorganisms, it is
important that nano-chitosan particles penetrate and fill wood cell walls as well as cell lumens
and cavities. These nano-particles can be used as wood preservatives to treat wood for interior
applications because their leaching would be problematic in exterior situations.
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CHAPTER III
ANTIFUNGAL TREATMENT OF WOOD WITH NANO-CHITOSAN PARTICLES AS
WOOD PRESERVATIVE
3.1

Abstract
This study examined decay resistance properties of wood treated with nano-chitosan

particles. Quaternized and non-quaternized nano-chitosan-TPP particles were prepared from low
molecular weight chitosan. Different treatments were performed under vacuum on wood
samples. Both leached and un-leached wood samples were then exposed to brown rot
(Gloeophyllum trabeum) and white rot fungus (Trametes versicolor) according to the AWPA
E10-16 standard. Mass loss of the samples showed that wood samples treated with nonquaternized nano-chitosan particles were more resistance to fungi, but antifungal activity of
treated wood samples prepared from quaternized nano-chitosan particles was very low.
Keywords: Nano-chitosan particles, decay fungi, southern yellow pine and wood
preservative.

27

3.2

Introduction
Chitin, 1-4 linked polymer of 2-acetamido-2deoxy-β-D-glucose, is byproduct of

crustacean shells like shrimp, lobster, crawfish, and crab. Also, the skeletons of some insects and
cell walls of fungi contain chitin (Allan and Hadwiger 1979). The structure of chitin is similar to
cellulose and in the past two decades it has attracted attention in agricultural, industrial, and
medical fields (Kifune 1992). In the presence of strong alkali, through a deacetylation process
with hydrolysis of amide C-N bond, chitosan can obtain from chitin. Chitosan, a linear
polysaccharide composed of β-1, 4-linked-D-glucosamine (GlcN) and N-acetyl-D-glucosamine
(GlcNAc), is a biodegradable, natural, and nontoxic polymer. Due to the antimicrobial action of
the amino group at the C-2 position of the chitosan, it is also known as an antibacterial and
antifungal polysaccharide (Seong et al. 1999). Hussein et al. (2012), investigated the antifungal
activity of chitosan against basidiomycetes and reported that the growth of fungi was inhibited
by chitosan oligomers. On the other hand, by decreasing the degree of polymerization in chitosan
oligomers antifungal activity increased. However, they reported that chitosan was leached by
water. Several scientists have tried to solve the leaching problem of chitosan from wood. They
have tried changing the pH or by forming chitosan-metal salts but fixation of chitosan into wood
is still a problem. An ideal preservative for long term protection against wood decay fungi should
penetrate wood cell walls and fix there. Therefore, an increasing interest has been shown toward
chitosan oligomers which are more soluble in water, have better penetration into wood cell walls
and have more antibacterial and antifungal activities. In this research, the chitosan was broken
down to the oligomer-level. Then these oligomers were modified to create quaternary
compounds for increasing bonding and penetration. Then, the fungicide activity of modified
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nanochitosan-TPP particles by two kinds of basidiomycetes, brown and white rot, was
investigated.
3.3
3.3.1

Methodology
Preparation of wood samples
In this study, southern yellow pine sapwood was used. A piece of defect-free sapwood

with a density of 0.31 g/cm3 (oven-dry mass and volume) was cut to dimensions of 1.4×1.4×1.4
cm3 (l×r×t) from two adjacent (end matched) wood sticks. Samples were dried in an oven at 50
°C and their dry volume and mass were measured. A digital caliper was used for measuring the
volume and a balance with accuracy to 0.0001 g was used for measuring mass.
3.3.2
3.3.2.1

Preparation of nano-chitosan-TPP wood preservatives
Depolymerization of chitosan to oligomers
Commercially available low molecular weight (LMW) chitosan (50-190 kDa) with

degree of deacetylation more than 75% was purchased from Sigma-Aldrich Co. (St. Louis, Mo.).
Chitosan was depolymerized by nitrous acid into oligomers with degree of polymerization (DP
=4) according to the method of Hussain et al. (2012). In this method, 40 g of chitosan was stirred
in 0.1 mol/l aqueous HCL (800mL) and warmed to 50 °C for 1h. Then applicable amount of
NaNO2 was dissolved in 32 ml of water (16.56 g obtaining 40g of DP=4) and added drop-wise to
the chitosan solution and stirred for 30 min until the viscosity of the mixture decreased. The
reaction mixture was stirred at 50 °C for 5h. Then, NaOH 1 mol/l was added to neutralize the
solution (pH 7-7.5). The solution was filtered through a Teflon filter paper. The filtrate was
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participated by methanol 1/1 (v/v). The supernatant of methanol was participated with acetone
1/1 (v/v). The precipitate of acetone was oligomers with DP=4.
3.3.2.2

Quaternization of chitosan oligomers (Preparation of N, N, Ntrimethylchitosan)
Chitosan oligomers from the depolymerization process were dissolved in 1% w/w

aqueous acetic acid solution according to the (Bordenave 2008). Upon addition of formaldehyde
(3 mol formaldehyde per mol of chitosan free amine groups), the solution was stirred for 30 min
at 500 rpm at room temperature before adding NaBH4 (1.5 mol of NaBH4 per mol of
formaldehyde) and stirred again for 1 h. The pH was adjusted to 10 using 1 M NaOH. The
unreacted products were then removed by dialysis tubes (Biotech CE Dialysis Tubing, 0.1-0.5
KDa MWCO) in water and then with ethanol/diethyl ether (80/20 v/v), for 48 h. the formed Nmethylchitosan was dispersed in N-methyl-2-pyrrolidinone with Na2SO4 (0.1mol/L) at 60 °C and
stirred at 1200 rpm for 1 h. 15% w/w aqueous solution of NaOH containing (CH3O)2SO2 (1.5
mol of dimethyl sulfate per mol of free amine groups of the extracted and dried Nmethylchitosan) was added. The mixture was stirred for 6 h at 500 rpm at 60 °C. Finally, formed
N, N, N-trimethylchitosan was precipitated using acetone, then washed with acetone and dried
under vacuum at room temperature above P2O5.
3.3.2.3

Preparation of nanochitosan-TPP particles
Non-quaternized and quaternized chitosan oligomers were used for preparation of

nanochitosan-TPP particles (Huang et al. 2009). TPP (Sodium tripolyphosphate with 85% purity
was purchased from Acros Organics (Product of Belgium). Briefly, chitosan oligomers were
dissolved in 2% acetic acid and stirred for 30 min. Then, TPP was dissolved in double-distilled
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water and added to the chitosan solution drop wisely to obtain the ratio of 2:5 (TPP: chitosan,
4.8:12, w/w), as this mass ratio was found to yield the highest number of nanoparticles (Huang et
al. 2009). Upon 2h stirring at room temperature to form the opalescent solution, the opalescent
solution was aliquoted into adequate centrifuge bottles and centrifuged at high speed. The
precipitated nanoparticles were rinsed with distilled water and air-dried to increase
concentration.
The viscosity of nanoparticles was measured with a Discovery HR-2 Hybrid Rheometer
(Sustainable Bioproducts Department’s laboratory at Mississippi State University) at room
temperature (25 °C) and reported at the shear rate of 1000/s (Fig 3.1). The nanochitosan-TPP
particles with two different concentrations of nanochitosan (6 and 12%) were dissolved in 0.1 M
acetic acid and 0.2 M NaCl solution.
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Figure 3.1

3.3.3

HR-2 Hybrid Rheometer.

Impregnation of wood samples with chitosan-TPP nanoparticles
Wood samples were treated with nano-chitosan particles solution. The final

concentrations for chitosan and TPP were 12% and 4.8% respectively. 17 treatments with 35
replicates for each treatment under vacuum were completed. Also, these treatments included
positive and negative controls. Positive control treatments were treatments without TPP and
negative control treatment was treatment with only 1% acetic acid. To form better binding of
nanochitosan-TPP particles to wood, pine wood samples were modified enzymatically and
chemically. Chemical modification of wood was done by acetic acid and enzymatic modification
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was done through a laccase-mediator system. After treating the wood samples with preservative,
they were oven dried, and each one’s volume and mass were measured.
3.3.3.1

Enzymatic modification of wood; Laccase-mediator system
To increase reactivity of wood and promote binding of chitosan to wood, a laccase-

mediator system was used. Laccase is a copper containing oxidize enzyme which is found in
plant, fungi and microorganisms. HQ (hydroquinone), HBT (1-hydroxybenzotriazole) and ABTS
(2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) are three common mediators, which
are used with laccase. Before treating wood with nanochitosan-TPP particles and using the
laccase-mediator system, the best mediator should be selected. The selection of the best mediator
was performed by testing the compression strength of wood upon treatment with three different
proposed mediators. Compression strength is a mechanical property which is measured as the
parallel or perpendicular force applied to a unit area of wood. Because compression strength
evaluates the ability of wood to resist to applied external forces, it is an acceptable method to
select an efficient mediator.
End matched southern yellow pine wood samples with dimensions of 19*19*5 mm3 were
prepared according to the E22 standard test (AWPA, 16b) standard. The samples were oven
dried and their volume and weight were measured, respectively. Laccase solution with
concentration of 1mg/ml in pH 5-5.5 was prepared. Three mediators (HQ, HBT, and ABTS) in
two concentrations for each mediator (1 and 10 mM) were added to the laccase solution. The
total number of treatments was sixteen with eight replicates in each. Control treatments included
negative control (laccase and water) and positive control are (water without laccase) (Table 3.1).
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Upon vacuum treatment of the samples in the laccase-mediator solutions, Soxhlet
extraction in water was done for 1 and 3 days and the samples were kept in deionized water
before the compression testing. Compression strength of saturated samples was measured by
using the testing apparatus at Sustainable Bioproducts Department’s laboratory at Mississippi
State University (Fig 3.2). For evaluation, first each sample was measured in all three directions
by an automated micrometer that automatically recorded the data. Then each sample was loaded,
perpendicular to grain, in the radial direction. The wood samples were compressed to 95% of
their initial dimension in the loading direction. The compression rate was 0.5 mm/min. The
crosshead movement was monitored by a linear transducer, and it was pushed against the sample
until the wafer reached 5% deformation. The machine measured the force with a load cell. The
force was then divided by the area in compression and the strength was reported in g/mm2.
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Table 3.1

Wood samples treatments for measuring compression test
Case
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Figure 3.2

Treatments
Laccase
Laccase
Laccase
Laccase
Laccase
Laccase
Laccase
Laccase
Laccase
Laccase
Laccase
Laccase
No Laccase
No Laccase
Laccase
Laccase

Mediators
HQ
HQ
HQ
HQ
HBT
HBT
HBT
HBT
ABTS
ABTS
ABTS
ABTS
Water
Water
Water
Water

Variable
Concentration(mM)
1
1
10
10
1
1
10
10
1
1
10
10
0
0
0
0

Time (Day)
1 day
3 days
1 day
3 days
1 day
3 days
1 day
3 days
1 day
3 days
1 day
3 days
1 day
3 days
1 day
3 days

The screw-driven crosshead compression strength testing instrument.
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3.3.4

Determination of antifungal activity of treated wood
Small clear specimens with dimensions of 14*14*14 mm3 were used from each treatment

to expose to the brown-rot fungus Gloeophyllum trabeum, and white rot fungus Trametes
versicolor in the soil block tests. First, by mixing 4.5 g agar, 6.0 g malt extract, and 0.6 g yeast
extract with 300 ml deionized water (Sigma-Aldrich) fungal medium was made and poured into
Petri dishes (150mm×20mm). Fungi were incubated at 27 °C and 80% RH for 10 days. These
fungi were used perform soil block tests according to the E10 standard test (AWPA,16c)
standard. The soil which was used for soil block test was collected from Mississippi State
University’s Dorman test site at the John W. Starr memorial forest.
After incubation times of 8 weeks for brown rot and 16 weeks for white rot, 6 replicates
of infected samples of each treatment were weighed, oven-dried, and then reweighed to
determine the moisture contents in the decayed specimens as well as the dry mass loss according
to Eqs (3.1) and (3.2). In this test both leached and un-leached samples were exposed to fungi.
MC =
ML=

Ww-Wd
Wd

Wi-Wd
Wi

∙∙100(%)

∙100(%)

(3.1)
(3.2)

Where MC: moisture content (%), Ml is mass loss (%), Ww: wet weight after decay (g),
Wd: dry weight after decay (g), and Wi: dry weight before decay (g).
3.3.5

Statistical analysis
The experimental design was a completely randomized design and data for the

compression tests and fungal activities were analyzed as one-way ANOVA using Proc GLM of
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SAS 9.4 (by SAS Institute Inc., Cary, NC, USA). Pairwise differences were considered as
significant at p≤0.05.
3.4
3.4.1

Results and Discussion
Preparation of nanochitosan-TPP particles
There are three factors that effect on the final molecular weight of chitosan oligomers in

the depolymerization process: 1- duration time, 2- chitosan initial concentration and 3- chitosansodium nitrite ratio (Mao et al., 2004). The concentration of sodium nitrite plays a significant
role in the depolymerization process. The amount of sodium nitrite added to the chitosan solution
can be adjusted to control the desired degree of polymerizations (DPs) (Seong et al., 1999).
Nitrous acid attacked the amine groups of chitosan polymer and split the β-glycosidic linkage in
the polymer chain. A deamination of 2-amino-2deoxy-D-glucopyranose formed 2, 5-anhydro-Dmannose at the reducing end of the depolymerized polymer (Allan and Peyron 1995; Cabrera and
Cutsem 2005) (Fig 2.2).
According to the research which has done by Trombotto et al. (2008) chitosan oligomers
with degree of polymerization around four showed better result against biological response. In
this study, the target chitosan particles were oligomers with a DP of four. Therefore, through
depolymerization process with using the specific mass ratio of sodium nitrite added to original
chitosan with 5% concentration, the chitosan oligomers with DP of four were prepared.
According to the previous findings, the HMW oligomers can be precipitate by methanol.
Oligomers with DP of two to four are soluble in methanol but oligomers with DP values more
than five are less soluble (Yabuki 1995). Therefore, in the depolymerization process, after
filtration and neutralization of chitosan solution, they were precipitate by methanol to obtain
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LMW oligomers. According to Lee et al. (1999) chitosan oligomers are not soluble in acetone,
butanol and ethanol. Thus, at the final stage of depolymerization process acetone was added to
chitosan solution to get LMW oligomers.
After depolymerization the quaternized oligomers were formed by reacting chitosan
oligomers with N-methyl-2-pyrolidone (NMP) in strong alkaline conditions at room temperature.
The quaternization of chitosan oligomers was performed in two steps: step one was
monoalkylation of amine group and step tow was quaternization of alkyl chitosan oligomers (Fig
3.3). Simplest form of quaternized chitosan is N-N-N-trimethyl chitosan (TMC). This method
improved not only the solubility of chitosan oligomers in water, but also increased the
antimicrobial activity of modified chitosan (Xu et al. 2010).
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Figure 3.3

Quaternization mechanism of chitosan oligomers (Belalia et al. 2008)

Chitosan oligomers-TPP and TMC-TPP particles were prepared through a rapid,
straightforward, and controllable method called ionic gelation which occurs under a constant
stirring at ambient temperature. The ionic gelation method doesn’t change the chemical structure
of chitosan which makes this method unique (Vaezifar et al. 2013). In fact, the formation of
nanoparticles is a kind of intermolecular cross linking. This simple technique involves
electrostatic interaction between the positively charged amino group of chitosan and the
negatively charged poly anions. There are many parameters that can influence on distribution of
nanoparticles such as concentration of chitosan, concentration of TPP and reaction time between
them (Vaezifar et al. 2013).
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In this study, the reaction time between chitosan oligomers and TPP was 1 hour. The
concentration of chitosan oligomers in both quaternized and non-quaternized oligomers and TPP
were 12 % and 4.8 % respectively. According to the Huang et al. (2009), This concentration
makes the ratio of 2:5 (TPP: Chitosan) which is the best ratio at which to create nanoparticles
(opalescent solution).
3.4.2

Viscosity
The viscosity is the resistance of a fluid to the slow deformation by shear stress. When

chitosan concentration increases, the viscosity of concentrated chitosan solutions increases
(Kienzle-Sterze et al. 1985). Mucha (1997), reported that the shear stress and viscosity of
chitosan solutions increase with increasing chitosan concentrations due to the increasing in
interconnections in the macromolecular chains. The influence of some parameters, such as
temperature, acid type, and addition of salt were investigated by Martinez et al. (2007). They
reported viscosity decreased with increasing temperature and decreasing chitosan concentration.
Chitosan has shown lower viscosity in hydrochloric acid than in other acids solutions. The most
effective parameter on the rheology of chitosan solutions was salt.
In this study, the viscosity of nano-chitosan-TPP particle solutions at two different
concentration of chitosan (6% and 12%) and as a function of shear rate were presented in Fig
3.4. It should be considered that the concentration of TPP was the same in two solutions (TPP
conc: 4.8%). As it is shown in the Fig 3.4, the solution viscosity increased with solution
concentration. In this test, the chitosan LMW was depolymerized to oligomers and mixed with
TPP. Depolymerization process caused chitosan solution viscosity to be decreased due to the
degradation of the chitosan molecular chain (Huang et al. 2009). Lower concentration of
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chitosan and TPP makes lower particle size which concluded to reduction in viscosity
(Chattopadhyay and Inamdar 2012).
Lower viscosities increase the impregnation of chitosan nanoparticles. Larnoy et al.
(2005) used four different chitosan solutions with different viscosity and applied them in three
directions (longitudinal, tangential and radial) into four wood species (pine, beech, downy birch
and Norway spruce). They concluded that decreasing the viscosity increased the impregnation of
chitosan especially in longitudinal direction. In their research the kinetic viscosity of 2.4%
chitosan solution was in the range of 2.95 to 28.8 mm2s-1.

Figure 3.4

The viscosity of nano-chitosan-TPP particles

Due to the considerable loss of chitosan during leaching and weathering, the amount of
chitosan which is used to treat wood should be high (Larnoy et al. 2005). However, the higher
amount of the chitosan in a solution makes higher viscosity which is another problem of using
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LMW and HMW of chitosan to treat wood. Therefore, using chitosan oligomers to make
nanoparticles appears to be a suitable solution.
3.4.3

Compression strength for laccase-mediator system
Mediators are small compounds can form reactive radical which can penetrate to cell wall

porous better than laccase which is a large molecule (Ander and Messner 1998). Mediators can
oxidize by laccase and reduce by substrate (Fig 3.5).

Figure 3.5

Catalytic cycle of a laccase with a mediator of oxidation (Banci et al. 1999)

The statistical analysis of compression strength results has shown that the interaction
among mediator, molarity and duration time was significant at the 5% significance level (p =
0.0005).
The mean of compression strength of wood over time which was influenced by laccasemediator system was shown in Fig 3.6. According to these results, HBT was the most aggressive
mediator, ABTS was aggressive only at higher concentration and longer time, and HQ did not
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affect wood strength. Therefore, the best mediator for using in the treatment of wood along with
nanochitosan-TPP particles appeared to be HQ.

Figure 3.6

3.4.4
3.4.4.1

Effect of laccase-mediator system on compression strength of wood over time
(Mediators: HQ, HBT, and ABTS; Molarity:1 and 10 mM; Treatment Day: 1 and 3
days; NC: Negative Control (only water;): PC: Positive Control (water and
Laccase).

Determination of antifungal activity of treated wood
Brown rot fungi (Gloeophyllum trabeum)
According to the statistical analysis of mass loss data in both leached and unleached

samples exposed to brown rot fungi (Gloeophyllum trabeum), there were statistically significant
differences in percentages of mass loss among treatments in both leached (P-value=0.0288) and
unleached samples (P-value=0.0001).
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The mass loss results of all seventeen treatments from unleached samples were
statistically analyzed based on the treatment with presence of TPP and without presence of TPP.
There is significant difference among treatments without TPP (P-value= 0.0103) and treatments
with TPP (P-value<0.0001). Fig 3.7. shows the mass loss of unleached samples treated with
nanochitosan-TPP particles exposed to brown rot fungus, Gloeophyllum trabeum, and Fig 3.8
shows the mass loss of unleached samples treated wood with nanochitosan particles without
TPP.

Lsmeans Mass Loss (%)

35
30
25
20
15
10
5
0
UnLeached

1
9.57

2
7.36

3
6.41

4
8.91

5
17.27

6
15.58

7
12.20

8
20.48

9
30.46

Treatments

Figure 3.7

Results of percentage of mass loss unleached samples with TPP exposed to brown
rot fungi (Gloeophyllum trabeum)

Treatments in Fig 3.7: 1- nano-Chitosan with TPP in 1% Acetic Acid; 2- nano-Chitosan with TPP in Acetic Acid
0.1 M +NaCl 0.2 M; 3- nano-Chitosan with TPP in 1% Acetic Acid +Laccase (1 mg/ml) + HQ (10mM) before; 4nano-Chitosan with TPP in 1% Acetic Acid + Laccase (1 mg/ml) + HQ (10mM) simultaneously; 5- Quaternizednano-Chitosan with TPP in 1% Acetic Acid; 6- Quaternized-nano-Chitosan with TPP in Acetic Acid o.1 M +NaCl
0.2 M; 7- Quaternized-nano-Chitosan with TPP in 1% Acetic Acid +Laccase (1 mg/ml) + HQ (10mM) before8Quaternized-nano-Chitosan with TPP in 1% Acetic Acid + Laccase (1mg/ml) +HQ (10mM) simultaneously.
9-1% Acetic Acid.
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According to the results of Fig 3.7, non-quaternized treatments had less mass loss in
comparison with quaternized treatments. Non-quaternized nano-chitosan with TPP in 1% acetic
acid and laccase-mediator system treatment had the lowest mass loss (6.41%) and the treatment
with only 1% acetic acid, which was the control treatment, had the highest mass loss (30.5 %).
As results showed, wood samples treated with non-quaternized nano-chitosan particles were
more resistant to fungi, but antifungal activity of nanoparticles prepared from quaternized
nanochitosan particles was low especially in leached samples.
This finding suggests that, there is interaction between the positively charged
nanochitosan particles and the negatively charged wood cells walls but quaternized nanochitosan
particles, only penetrated the lumena and pores. Due to agglomeration, quaternized
nanochitosan-TPP particles were too large to penetrate the wood cell walls, stayed in lumena,
and leached out readily.
As result showed in Figures 3.7 and 3.8 samples treated with nanoparticles without TPP
had lower mass loss especially in those treated with quaternized-nanochitosan with no TPP.
These results suggest that TPP may affect nanoparticles and prevent them from to have an
appropriate interaction with wood cell walls. Ultimately, chitosan leaching reduced its efficacy
as a wood preservative. Also, regarding the laccase-mediator system, the laccase was more
effective when it was added to solution for treatment before adding nanochitosan particles.
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Lsmeans Mass Loss (%)

35
30
25
20
15
10
5
0

1
2
3
4
5
6
7
8
9
UnLeached 28.51 20.33 20.73 30.75 15.21 17.43 18.28 13.32 30.46

Treatments

Figure 3.8

Results of percentage of mass loss unleached samples without TPP exposed to
brown rot fungi (Gloeophyllum trabeum)

Treatments in Fig3.8:1-nano-Chitosan without TPP in 1% Acetic Acid; 2- nano-Chitosan without TPP in Acetic
Acid o.1 M +NaCl 0.2 M; 3- nano-Chitosan without TPP in 1% Acetic Acid +Laccase (1 mg/ml) + HQ (10mM)
before; 4- nano-Chitosan without TPP in 1% Acetic Acid + Laccase (1 mg/ml) + HQ (10mM) simultaneously; 5Quaternized-nano-Chitosan without TPP in 1% Acetic Acid; 6- Quaternized-nano-Chitosan without TPP in Acetic
Acid o.1 M +NaCl 0.2 M; 7- Quaternized-nano-Chitosan without TPP in 1% Acetic Acid +Laccase (1 mg/ml) + HQ
(10mM) before; 8- Quaternized-nano-Chitosan without TPP in 1% Acetic Acid + Laccase (1mg/ml) +HQ (10mM)
simultaneously; 9-1% Acetic Acid.

3.4.4.2

White rot fungi (Trametes versicolor)
The statistical analysis of mass loss data in both leached and unleached samples that were

exposed to white rot fungi indicated that there were statistically significant differences among
data in both leached and unleached samples. In leached samples the P-value equaled 0.0007 and
in unleached samples the P-value was 0.0004.
The mass loss data of white rot fungi, like brown rot fungi, was statistically analyzed for
specimens with and without TPP in both leached and unleached samples. There were not any
statistically significant differences detected in mass loss data from leached and unleached
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samples in presence of TPP (Table 3.3) but there were differences in mass loss data in unleached
samples without TPP (Table 3.4).
Table 3.2

P-Value of in leached and unleached samples in presence of TPP
With TPP
Leached samples
Unleached samples

Table 3.3

P-Value
0.0642
0.3683

P-Value of in leached and unleached samples without TPP
Without TPP
Leached samples
Unleached samples

P-Value
0.0229
0.0016

The percentages of mass loss data in unleached samples with TPP exposed to white rot
fungi (Trametes versicolor) is shown in Fig 3.9. The percentages of mass loss data in unleached
samples without TPP exposed to white rot fungi (Trametes versicolor) is shown in Fig 3.10.
According to the Fig. 3.9 the lowest mass loss was for the samples treated with
quaternized-nano-chitosan-TPP in acetic acid 0.1 M +NaCl 0.2 M solution (Mass loss= 12.3%).
For the samples treated with solutions without TPP, the lowest mass loss was for the samples
treated with Quaternized-nano-Chitosan without TPP in 1% acetic acid + Laccase (1mg/ml)
+HQ (10mM) simultaneously (Mass loss= 12.76%) (Fig. 3.10).
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Lsmeans Mass Loss (%)
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17.88

13.66

Treatments

Figure 3.9

Results of percentage of mass loss unleached samples with TPP exposed to white
rot fungi (Trametes versicolor)

Treatments in Fig 3.9: 1- nano-Chitosan with TPP in 1% Acetic Acid; 2- nano-Chitosan with TPP in Acetic Acid 0.1
M +NaCl 0.2 M; 3- nano-Chitosan with TPP in 1% Acetic Acid +Laccase (1 mg/ml) + HQ (10mM) before; 4- nanoChitosan with TPP in 1% Acetic Acid + Laccase (1 mg/ml) + HQ (10mM) simultaneously; 5- Quaternized-nanoChitosan with TPP in 1% Acetic Acid; 6- Quaternized-nano-Chitosan with TPP in Acetic Acid o.1 M +NaCl 0.2 M;
7- Quaternized-nano-Chitosan with TPP in 1% Acetic Acid +Laccase (1 mg/ml) + HQ (10mM) before8Quaternized-nano-Chitosan with TPP in 1% Acetic Acid + Laccase (1mg/ml) +HQ (10mM) simultaneously.
9-1% Acetic Acid.
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Lsmeans Mass Loss (%)
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UnLeached without TPP 31.63 30.32 26.75 27.39 18.62 18.20 13.83 12.76 13.66

Treatments

Figure 3.10

Results of percentage of mass loss unleached samples without TPP exposed to
white rot fungi (Trametes versicolor)

Treatments in Fig 3.10:
1-nano-Chitosan without TPP in 1% Acetic Acid; 2- nano-Chitosan without TPP in Acetic Acid o.1 M +NaCl 0.2
M; 3- nano-Chitosan without TPP in 1% Acetic Acid +Laccase (1 mg/ml) + HQ (10mM) before; 4- nano-Chitosan
without TPP in 1% Acetic Acid + Laccase (1 mg/ml) + HQ (10mM) simultaneously; 5- Quaternized-nano-Chitosan
without TPP in 1% Acetic Acid; 6- Quaternized-nano-Chitosan without TPP in Acetic Acid o.1 M +NaCl 0.2 M; 7Quaternized-nano-Chitosan without TPP in 1% Acetic Acid +Laccase (1 mg/ml) + HQ (10mM) before; 8Quaternized-nano-Chitosan without TPP in 1% Acetic Acid + Laccase (1mg/ml) +HQ (10mM) simultaneously; 91% Acetic Acid.

There are many factors that can influence the antifungal activity of chitosan and its
derivatives such as original source of chitosan, molecular weight, degree of deacetylation, the
way that products are synthesized, substituent sites, and types of fungi and bacteria (Xu et al.
2010; Ing et al. 2012). Due to the polycationic nature of chitosan, it has antifungal activity. This
activity can perform through three mechanism: 1-The positive charge of chitosan can react with
the negative charge of fungi membrane which are phospholipid components. This reaction
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causes the fungi membrane to be more permeable and consequently, due to the leakage of cells
content, the fungi will die.
2- Fungi need nutrients to grow. Chitosan makes these nutrients inaccessible for fungi by
binding to the trace elements.
3- Chitosan can prohibit the production of necessary proteins and enzymes for fungi by
penetrate to the fungi cell walls and bind to DNA. Therefore, binding to DNA can prevent the
synthesis of mRNA and essential enzymes and proteins for fungi.
Duan et al. (2004), used chitosan in combination with copper to make chitosan-coppercomplex (CCC). They used this product to treat wood and investigated the resistance of treated
wood against white rot fungus, TV and brown rot fungus GT. They reported that this complex
increased resistance against fungi. Ing et al. (2012) investigated the antifungal activity of
nanoparticles prepared from high, low and tri-methyl chitosan or TMC (quaternized chitosan)
against three fungi Candida albicans, Fusarium Solani and Aspergillus niger. They reported that
chitosan derivatives such as TMC are very soluble in water in comparison with chitosan itself
and they had very weak antimicrobial activities. In contrast, the antibacterial activity of N, N,Ntrimethyl chitosan against Staphylococcus aureus and Escherichia coli were investigated by Xu
et al. (2010). They concluded that TMC is more active against S. aureus and E. coli when
compared to chitosan. They also investigated the effect of pH (5.5 and 7.2) on the antibacterial
activity of TMC. According to their results, the antibacterial activity of TMC increased with
increasing pH and degree of trimethylation. Belalia et al. (2008) have shown that the
antimicrobial activity of derivatives chitosan like TMC is better than unmodified chitosan in the
larger range of pH due to stable cationic charge in their structures. Kobayashi and Furukawa
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(1995) found lower mass loss in wood samples treated with chitosan. Sugi wood (Cryptomeria
japonica D. Don) was treated by chitosan (116 kg/m3) and exposed to Tyromyces palustris and
Trametes versicolor. They reported that mass loss in both treated wood was 15.9% by Tyromyces
palustris and 4.9% by Trametes versicolor when they compared the mass loss with untreated
samples (34.8% and 19.7% respectively.
In other research, Larnoy et al. (2006) investigated the antifungal activity of chitosan and
chitosan heat treated pine and beach samples. They exposed pine samples to two brown rot fungi
Cinifera Puteana and Postia placenta and beach samples to white rot fungi, Trametes Versicolor
for 8 weeks. They concluded that, the chitosan samples without heating had mass loss less than
4.9%. The chitosan samples with heating had lower antifungal activity with mass loss around
10% but the mass loss was less than he untreated samples. The mass loss for untreated samples
was 37.7% for Cinifera Puteana, 42.7% for Postia placenta, and 30.2% for Trametes Versicolor.
In another research by Eikenes et al. (2005), samples treated with 4.8% chitosan concentration
showed better results when they exposed to brown rot fungi Cinifera Puteana and Postia
placenta.
3.5

Conclusions
The desires to use natural antifungal agents to avoid using harmful chemicals is

increasing. Due to the excellent properties and interesting applications, nanoparticles such as
nanochitosan particles have attracted much attention. As results showed nanochitosan particles
have this potential to become natural and nontoxic antifungal agents.
In this study, measuring the viscosity of the nanoparticle’s solution after preparing the
chitosan-TPP nanoparticles indicated that using chitosan oligomers reduced the chitosan-TPP
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viscosity which made better impregnation into wood. The investigation of antifungal activities of
nanochitosan particles, after vacuum impregnation of nanoparticles in solution into southern
yellow pine samples indicated that, non-quaternized nanoparticles without TPP had lower mass
loss. In total, the samples exposed to brown rot fungi had lower mass loss in comparison to the
samples exposed to white rot fungi.
The anatomical structure of pine wood and the holes among microfibrils in the cell walls
are smaller than the size of chitosan nanoparticles. Therefore, the chitosan nanoparticles were not
able to efficiently penetrate. The terminal aldehyde group in chitosan can react with the hydroxyl
groups in cellulose. This finding suggests that there is an electrostatic interaction between
positive charge of chitosan and negative charge of cellulose. There was agglomeration in
quaternized nanoparticles structure which prevented them from developing suitable bonds with
cellulose.
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CHAPTER IV
INVESTIGATION THE EFFECT OF TRI-POLY PHOSPHATE (TPP) AS FIRERETARDANT CROSSLINKED WITH CHITOSAN OLIGOMERS IN SOUTHERN YELLOW
PINE
4.1

Abstract
Fire retardant and sorption isotherm properties of southern yellow pine treated with

nanoparticles of chitosan cross-linked with a commercial flame retardant, tripolyphosphate, were
investigated in this study. After preparing of chitosan oligomers with depolymerization of low
molecular weight chitosan by specific amount of sodium nitrite, the oligomers with 12%
concentration were mixed with tripolyphosphate as fire retardant (4.8% concentration) to form
chitosan-TPP nanoparticles. The southern yellow pine samples were treated in nanochitosan-TPP
solution through vacuum impregnation
Fire resistance of treated wood samples was estimated using cone calorimetry. The heat
release- and mass loss-rate of wood samples were determined. The water vapor sorption
isotherms were collected with an IGASorp, dynamic vapor sorption analyzer. The results
indicated that there were not any statistical differences among treatments and control samples in
both fire-retardant test and adsorption, desorption isotherms graphs.
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Keywords: Nano-chitosan particles, fire retardancy, southern yellow pine and wood
preservative.
4.2

Introduction
Wood is a biological material. It has many positive properties such as workability,

availability, favorable strength to weight, and natural beauty. It also has weaknesses such as
flammability, and susceptibility to degrade by insects, microorganism, and UV light among
others. For centuries researchers have been trying to protect wood and improve its performance.
Wood and wood products can be protected by applying chemical preservatives. Wood
preservatives can extend the life of wood. The need to use sustainable preservatives is increasing
due to the environmental issues. There are several factors that should be considered when a
suitable preservative is chosen such as long-term protection, stability of wood preservative,
potential effects on wood strength, and safety of the treated wood for human and environmental
exposure (Ozdemir et al. 2014). On one hand, wood is degraded by microorganism such as fungi,
termites and bacteria. On the other hand, in presence of heat and oxygen, wood is flammable

which limits its applications. In many applications, wood requires fire retardant protection.
Having a combined fire retardant and preservative system which provides resistance to both fire
and fungi is favorable in many applications.
Chitosan as a natural material has biodegradable, nontoxic and bioactivity properties. It is
not harmful for human and environment and it may be a suitable option as wood preservative due
to antifungal activity which is because of polycationic nature of chitosan (Ing et al. 2012). Due to
various biological properties of chitosan and chitosan oligomers such as antioxidant, antitumor,
antimicrobial and antifungal activities, they can be beneficial for human health (Varun et al.
2017).
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A new wood treatment, wherein antifungal nanoparticles linked with a fire-retardant
chemical diffuse into the cell walls proposed in this study. According to the previous chapter
nano-chitosan oligomers can provide decay resistance. In this chapter, the fire performance nanochitosan-TPP particles using cone calorimetry and the behavior of treated samples during
moisture sorption and desorption were investigated.
4.3
4.3.1
4.3.1.1

Methodology
Preparation of nano-chitosan-TPP wood preservatives:
Depolymerization of chitosan to oligomers
Commercially available low molecular weight (LMW) chitosan (50-190 kDa) with

degree of deacetylation more than 75% was purchased from Sigma-Aldrich Co. (St. Louis, Mo.).
Chitosan was depolymerized by nitrous acid into oligomers with degree of polymerization (DP
=4) according to the method of Hussain et al. (2012). In this method, 40 g of chitosan was stirred
vigorously in 0.1 mol/l aqueous HCL (800 mL) and warmed to 50 °C for 1h. Then an applicable
amount of NaNO2 was dissolved in 32 ml of water (16.6 g obtaining 40g of DP=4) and added
drop-wise to the chitosan solution and stirred for 30 min until the viscosity of the mixture
decreased. The reaction mixture was stirred at 50°C for 5h. Then, NaOH 1 mol/l was added to
neutralize the solution (pH 7-7.5). The solution was filtered through Teflon filter paper. The
filtrate was participated by methanol 1/1 (v/v). The supernatant of methanol was participated
with acetone 1/1 (v/v). The precipitate of acetone was oligomers with DP=4.
Nano-chitosan-TPP particles were characterized by Fourier-transform infrared
spectroscopy (FTIR). FTIR was performed at the range of 450-4000 cm-1 using the attenuated
total reflectance spectroscopy method (ATR-FTIR). The samples were placed on the ATR
crystal prism and 16 scans were attained at 2 cm-1 resolution.
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4.3.1.2

Preparation of nanochitosan-TPP particles
Chitosan oligomers were used for preparation of nanochitosan-TPP particles (Huang et

al. 2009). TPP (Sodium tripolyphosphate with 85% purity was purchased from Acros Organics
(Product of Belgium). Briefly, chitosan oligomers were dissolved in 2% acetic acid and stirred
for 30 min. Then, TPP was added drop wise to chitosan solution to obtain the ratio of 2:5 (TPP:
chitosan, 4.8:12, w/w). This mass ratio yielded the highest number of nanoparticles (Huang et al.
2009). Upon 2h stirring at room temperature to obtain opalescence, the solution was aliquoted
into adequate centrifuge bottles and centrifuged at high speed (4000 rpm). The precipitated
nanoparticles were rinsed with distilled water and air-dried to increase concentration.
Nano-chitosan-TPP particles were characterized by FTIR. FTIR was performed at the
range of 450-4000 cm-1 using the attenuated total reflectance spectroscopy method (ATR-FTIR).
The samples were placed on the ATR crystal prism and 16 scans were attained at 2 cm-1
resolution.
4.3.2

Wood sample preparation and treatment with chitosan-TPP nanoparticles
In this study, defect-free southern yellow pine sapwood was cut into end matched

sections. One section, with 1.4×1.4×1.4 cm (l×r×t) dimensions was used for sorption isotherm
tests. The other section, with 10×1.4×1.4 cm (l×r×t) dimensions was used for fire resistance tests.
Samples were dried at oven at 50 °C and their dry volume and mass were measured. Wood
samples were then treated with nano-chitosan particles solution through 6 treatments with 30
replicated under vacuum. The concentration of chitosan was 12% and the concentration of TPP
was 4.8%. Then, samples were redried in oven after treatment and their respective volumes and
masses were remeasured.
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4.3.3

Resistance of nano-chitosan-TPP treated wood to fire
The flammability of the treatments was examined with the cone calorimeter at Forest

Product Laboratory (FPL) in Madison, WI (Fig 4.1). To obtain the moisture content values, the
samples were oven dried to constant mass at 105 °C. After the oven dried mass was measured,
the samples were moved to a conditioning room at approximately 50% RH and 21 °C. The
samples remained in the conditioning room until they reached equilibrium moisture content.
Specimens tested in the cone calorimeter were nominally 100 mm x 100 mm, and could
be no smaller than 98 mm x 98 mm. To achieve this size, 7 of the nominally 14 mm x 14 mm x
100 mm specimens were glued together to form a specimen that was 98 mm x 100 mm x 14
mm. Approximately, 1g of phenol-resorcinol formaldehyde (PRF) adhesive, manufactured by
Hexion Corporation, was used per cone sample. After the adhesive was cured, the specimens
were tested in the cone calorimeter. Three specimens from each treatment group (Table 4.1) were
tested in the calorimeter in the horizontal position at an irradiance of 50 kW/m² in accordance
with ASTM E1354-15. Heat release rate (HRR) and mass loss rate (MLR) were measured in this
test.
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Figure 4.1

Cone calorimeter instrument at Forest Product Laboratory (FPL) in Madison, WI.

Table 4.1

Treatments for fire test

2
3
4
5

6

Treatments with
nanochitosan conc 12%

1

Control

No Treatments

1% Acetic Acid
nano-chitosan without TPP in 1% Acetic Acid (Concentration of
chitosan oligomers: 3%)
nano-Chitosan with TPP in 1% Acetic Acid (Concentration of
chitosan oligomers: 12% and TPP: 4.8%)
nano-chitosan without TPP in 1% Acetic Acid (Concentration of
chitosan oligomers: 12%)
nano-Chitosan with TPP in 1% Acetic Acid + Laccase (1 mg/ml) +
HQ (10mM) Before (Concentration of chitosan oligomers: 12% and
TPP: 4.8%)
nano-Chitosan without TPP in 1% Acetic Acid + Laccase (1 mg/ml)
+ HQ (10mM) Before (Concentration of chitosan oligomers: 12%)
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4.3.4

Water vapor sorption isotherms
The water vapor sorption isotherms were collected with an IGASorp Dynamic Vapor

Sorption Analyzer (Hiden Isochema, Warrington, UK) automated sorption balance at 25 °C at
FPL in Madison, WI (Fig 4.2) One of the methods described by Glass et al. (2018) was used to
measure and record the isotherms. In this method, a sample of approximately 20 mg was cut
with a razor blade from the wood. Samples were initially dried at 60 °C for 6 h and brought to
25 °C under dry nitrogen.
The isotherms were collected in 10% relative humidity (RH) steps, starting from a dry
condition, until 90% RH was reached. The RH was then increased to 95%. After the 95% RH
step, a scanning desorption curve was collected immediately. The sample was held at each RH
until the change in moisture content as a function of time (𝑑𝑀/𝑑𝑡) was less than 5 µg g-1 min-1
when using a slope that was calculated from a linear fit over a 1-h time period.

Figure 4.2

IGASorp Dynamic Vapor Sorption Analyzer.
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The final mass at each RH step was then calculated by correcting for the systematic error
caused by stopping the measurement before equilibrium by using the linear correction equations
developed by Glass et al. (2018) on the same instrument for these RH steps. Because the
IGASorp could not be programmed to stop collecting data using the desired 𝑑𝑀/𝑑𝑡 criterion,
instead, the amount of time needed to reach the 𝑑𝑀/𝑑𝑡 at each RH step was determined with one
of the samples. This then time was used to set a protocol for the remainder of the samples (Table
4.2).
After a sample was run, the 𝑑𝑀/𝑑𝑡 criteria were then re-checked. In general, this method was
successful at reaching the desired 𝑑𝑀/𝑑𝑡 criterion repeatably with the exception of the 95% RH
step. Therefore, data for the 95% RH condition were not included into fit of the absorption or
desorption isotherm.
Table 4.2

Hold times used at each RH step to reach a stop criteria of 5 µg g-1 min-1 over 1 h
RH
Hold times (min)
(%) Absorption Desorption
10
300
300
20
240
360
30
240
420
40
300
480
50
360
540
60
420
600
70
480
660
80
540
720
90
660
720
95
960
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4.3.5

Statistical analysis
The experimental design was a completely randomized design and data for the fire test

was analyzed as one-way ANOVA using Proc GLM of SAS 9.4 (by SAS Institute Inc., Cary,
NC, USA). Pairwise differences were considered as significant at p≤0.05.
4.4
4.4.1

Results and Discussion
Characterization of chitosan oligomers and nano-chitosan-TPP particles by
Fourier-transform infrared spectroscopy (FTIR)
The FTIR of chitosan oligomers was performed after depolymerization of LMW chitosan

and compared to LMW chitosan (Fig 4.3). The chemical structure of chitosan oligomers is
similar to LMW chitosan. The differences are molecular weight, degree of polymerization and
degree of acetylation. In chitosan oligomers, there was a decrease in peaks 1030-990 cm-1
attributed to loss of C-O-C bonds. In indicates that there was breakdown of chitosan chain. The
peak 1700 cm-1 in both spectra shows carbonyl band of an aldehyde group but this peak has more
intensity in chitosan oligomers (bottom peak) that means there are more terminal aldehyde
groups in chitosan oligomers. There was cleavage in B-glycosidic linkage in chitosan during
depolymerization process. Seong et al. (1999), verified this peak in IR spectra of chitosan
oligomers with degree of polymerization 3 and 10 obtained from depolymerization of chitosan
with sodium nitrite.
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Absorbance

Wavenumber (cm-1)

Figure 4.3

The FTIR of chitosan LMW (top) and nano-chitosan oligomers (bottom).

The FTIR of nanochitosan-TPP particles is shown in Fig 4.4. In nanoparticles, the peak
1234 cm–1 is an antisymmetric stretch (PO2). This finding indicates that there is likely an ionic
crosslink between nanochitosan and TPP. According to the Lascha et al. (2002) the peak 1237
cm–1 is O–P=O antisymmetric stretch (PO2). The peak 1155 cm–1 showed P=O linkage between
ammonium ions and phosphate group in nano-chitosan-TPP particles (Jafary et al. 2016; Zhang
et al. 2012).

65
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Wavenumber (cm-1)

Figure 4.4

4.4.2

The FTIR of nano-chitosan-TPP particles (top) and nano-chitosan oligomers
(bottom).

Resistance of nano-chitosan-TPP treated wood to fire
Fire-retardant treatments often reduce flammability of wood by reducing the amount of

heat released during the initial stages of fire. The spread of flame and volatiles released by wood
in fire exposure decreases with fire-retardant. In this research, fire resistance testing was
performed using cone calorimeter at FPL. The cone calorimeter measures the heat released rate
when the samples is exposed to a constant heat flux. The heat flux levels of either 35 kW/m2 or
50 kW/m2 to test wood products. In this study, the heat flux level was 50 kW/m2. The data
recorded in the cone calorimeter test was obtained as a function of time. The results from cone
calorimeter were heat release rate (HRR) and mass loss rate of the burning specimen (MLR).
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Before the fire test the average moisture content for the control samples was 6.7% while
the samples treated with nanochitosan-TPP had an average moisture content of 6.3%.
4.4.2.1

Measuring the heat release rate (HRR)
The HRR is an essential parameter in fire testing. It is widely used to assess the

flammability of a material and describe its behavior in fire. The heat release rate is based on the
oxygen consumption during combustion and its relationship with the amount of heat release.
This heat release rate is the total rate, as a function of time.
The statistical analysis results of the HRR peaks for both nanochitosan-TPP treatments
with TPP and without TPP samples and control samples showed that there were not any
differences among treatments (P-value=0.3774).
Fig 4.5 shows that the means of heat release rate peaks over the time for each treatment.
The highest of HRR was observed in treatment five, nanochitosan-TPP treatments with laccasemediator system.
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Peak HRR (KW/m2)

400
350
300
250
200
150

Trt-1
HRR 266.862

Trt-2
286.218

Trt-3
266.121

Trt-4
297.915

Trt-5
352.102

Trt-6
296.986

Treatments

2
3
4
5
6

Figure 4.5

Treatments
1% acetic acid
nano-chitosan without TPP in 1% acetic acid (Concentration of chitosan:
3%)
nano-Chitosan with TPP in 1% acetic acid (Concentration of chitosan:
12% and TPP: 4.8%)
nano-chitosan without TPP in 1% acetic acid (Concentration of chitosan:
12%
nano-Chitosan with TPP in 1% acetic acid + Laccase (1 mg/ml) + HQ
(10mM) Before (Concentration of chitosan: 12% and TPP: 4.8%)

Treatments with
Control
nanochitosan conc 12%

No
1

nano-Chitosan without TPP in 1% acetic acid + Laccase (1 mg/ml) + HQ
(10mM) Before (Concentration of chitosan: 12% and TPP: 4.8%)

Mean of heat release rate for each treatment.

Typical HRR curves are shown in Fig 4.6 for two treatments, control, and nanochitosanTPP, each with three replicates. There was initial increase shortly after ignition to a peak heat
release rate, then a drop to a steady-state heat release rate, followed by a second peak as the final
portion of the specimen was consumed. In the final stage, the char layer provides thermal
insulation from the fire and gradually reduced the rate of combustion. The figure 4.6 illustrates
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that the heat release rates of all specimens behaved similarly in the control group tests and
treated groups.

Heat release rate (HRR)
300

250

HRR [kW/m²]
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0
0

100
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300
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500

600

700

time [sec]
UT A

Figure 4.6

4.4.2.2

UT B

UT C

DP4 TPP A

DP4 TPP B

DP4 TPP C

Typical heat release rate (HRR) curves.

Measuring the mass loss rate (MLR)
The mass loss of burning specimens were recorded and is shown in Fig 4.7. As it is

shown in Fig 4.7, the mass loss rate of two treatments (UT: untreated and DP4-TPP:
nanochitosan-TPP treated) with three replicates A, B, and C were calculated. The statistically
analysis of mass loss rate results showed no significant differences were detected among both
nanochitosan-TPP treated samples and control samples.
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4.4.3
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Mass loss rate (MLR) curves.

Water vapor sorption isotherm
Due to the reported high hydrophilicity of chitosan treated samples (Larnøy et al. 2005),

this property was evaluated by measuring sorption and desorption of samples exposed to varying
relative humidities.
The sorption isotherm is the relationship between equilibrium moisture content (EMC)
and relative humidity (RH) at a constant temperature. The moisture content is generally higher
on the desorption isotherm than on the adsorption isotherm. This effect known as hysteresis.
Average adsorption and desorption isotherms for each treatment (Table 4.3) are shown in
Fig 4.8. According to Fig 4.8, treatments 1 and 3 are more hydrophilic than 2 and 4. It appears
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that the inclusion of TPP increased the hydrophilic nature of the samples. Hysteresis appeared
less in treatments without a TPP component.
Table 4.3

Treatments for water vapor sorption isotherm experiment

No Treatments
nano-chitosan with TPP in 1% acetic acid (Concentration of chitosan:
1
12% and TPP: 4.8%)
nano-chitosan without TPP in 1% acetic acid (Concentration of chitosan:
2
12%)
3

nano-chitosan with TPP in 1% acetic acid + Laccase (1 mg/ml) + HQ
(10mM) Before (Concentration of chitosan: 12% and TPP: 4.8%)

4

nano-chitosan without TPP in 1% acetic acid + Laccase (1 mg/ml) + HQ
(10mM) Before (Concentration of chitosan: 12% and TPP: 4.8%)
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EMC
EMC

Relative vapor pressure
No
1

Figure 4.8

4.5

Relative vapor pressure

Treatments
nano-Chitosan with TPP in 1% acetic acid (Concentration of chitosan: 12% and TPP:
4.8%)

2

nano-chitosan without TPP in 1% acetic acid (Concentration of chitosan: 12%)

3

nano-Chitosan with TPP in 1% acetic acid + Laccase (1 mg/ml) + HQ (10mM) Before
(Concentration of chitosan: 12% and TPP: 4.8%)

4

nano-Chitosan without TPP in 1% acetic acid + Laccase (1 mg/ml) + HQ (10mM)
Before (Concentration of chitosan: 12% and TPP: 4.8%)

Adsorption and desorption isotherms for each treatment

Conclusions
In this research, the chitosan oligomers as antifungal chemicals reacted carefully with

tripolyphosphate as fire retardant. According to the fire test results, it can be concluded that TPP
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with concentration 4.8% is not a suitable fire retardant in combination with chitosan oligomers.
To potentially be effective, the concentration of TPP should be higher. However, increasing the
concentration of TPP in nanochitosan-TPP solution will likely cause the agglomeration of
particles and thus impede its impregnation into cell walls.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
5.1

Conclusions
This study evaluated the combined treatment of a fire-retardant and preservative

system for wood and wood products. Chitosan oligomers as an antifungal preservative and
tripolyphosphate as a fire-retardant system were chemical combined by an ionic gelation
method.
The second most abundant natural polymer in the world is chitosan, the N-deacetylated
derivative of chitin. Chitin is similar to cellulose which has a hydroxyl group of each monomer
replaced with an acetyl-amine group. Chitosan has a wide range of applications in medicine,
agriculture and the food industry. The distinctive chemical, physicochemical and biological
properties of chitin and chitosan, especially the presence of reactive functional groups such as
amine groups, enables them to be easily modified. Chitosan is a nontoxic, biodegradable,
renewable material. It is readily available, inexpensive, and easy to prepare. In this research, low
molecular weight chitosan was depolymerized to chitosan oligomers with a degree of
polymerization (DPn) of four. Evaluation of chitosan oligomers was done using thin layer
chromatography (TLC) and analyzing by FTIR. In some past research the evaluation of
depolymerization process was predicted by measuring viscosity decreases of chitosan
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(Varun et al. 2017). In this research the viscosity of chitosan oligomers decreases
with depolymerization of chitosan to a DPn of four. Chitosan oligomers were modified to
quaternized chitosan oligomers (trimethyl chitosan, TMC). Quaternization was evaluated by
FTIR.
Tripolyphosphate (TPP), the sodium salt of the polyphosphate penta-anion, acts as flame
retardant. In this study, combination of chitosan oligomers and TPP were prepared by ionic
gelation method which is the interaction between polycation (chitosan oligomers) with polyanion
(TPP). With making nanochitosan-TPP particles, different treatments were performed by vacuum
impregnation of southern yellow pine sapwood. The terminal aldehyde group in chitosan can
react with the hydroxyl groups in cellulose (Seong et al. 1999). That means that there is an
electrostatic interaction between positive charge of chitosan and negative charge of cellulose
(Eikenes et al. 2005). Bulking of the samples after impregnation revealed that the particles could
penetrate into the cell walls. The results of leaching and resistance against fungi indicated that
non-quaternized nanochitosan-TPP particles are more effective that quaternized nanochitosanTPP particles because of the agglomeration in the quaternized nanochitosan-TPP particles that
happened during the preparation process of mixing the quaternized nanochitosan with TPP.
Water vapor sorption isotherms results showed that wood impregnated with nanochitosan
behaved similar to that impregnated with chitosan when exposed to moisture. Fire resistance was
investigated by heat release and mass loss rate. These results didn’t show that TPP along with
chitosan could react as a suitable fire retardant.
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5.2

Recommendations for future work
Considering the results of the current study, the following considerations for more

research are recommended.
•

Determine the characteristics of the methyl groups in chitosan oligomers after the
quaternization process. This activity should be done to better understand of the
quality of quaternization process.

•

Heat specimens during the treatment and adding a new chemical(s) for better fixation
of chitosan into wood to optimize chitosan impregnation and fixation into wood cell
walls. If successful, this step would minimize chitosan leaching and thereby enhance
its long-term performance as a wood preservative.

•

Investigate the addition of different types of fire retardants such as boron compounds,
potentially with other chemicals such as nitrogen and phosphorus, to chitosan
oligomers to provide a treatment solution to reduce flammability of wood. This
activity would potentially improve the fire-performance of chitosan treated wood.

▪

Develop viscosity modifiers that would allow higher molecular weight chitosan to be
impregnated into wood. This development would enhance preservative diffusion and
retention.
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